Human epidemiological studies have provided compelling evidence that prenatal exposure to stress is associated with significantly increased risks of developing psychiatric disorders in adulthood. Exposure to excessive maternal glucocorticoids may underlie this fetal programming effect. In the current study, we assessed how prenatal dexamethasone administration during the last week of gestation affects stress reactivity and cognition in adult offspring. Stress reactivity was assessed by evaluating anxiety-like behavior on an elevated plus maze and in an open field. In addition, to characterize the long-term cognitive outcomes of prenatal exposure to glucocorticoids, animals were assessed on two cognitive tasks, a spatial reference memory task with reversal learning and a delayed matching to position (DMTP) task. Our results suggest that prenatal exposure to dexamethasone had no observable effect on anxiety-like behavior, but affected cognition in the adult offspring. Prenatally dexamethasone-exposed animals showed a transient deficit in the spatial reference memory task and a trend to faster acquisition during the reversal-learning phase. Furthermore, prenatally dexamethasone-treated animals also showed faster learning of new platform positions in the DMTP task. These results suggest that fetal overexposure to glucocorticoids programs a phenotype characterized by cognitive flexibility and adaptability to frequent changes in environmental circumstances. This can be viewed as an attempt to increase the fitness of survival in a potentially hazardous postnatal environment, as predicted by intrauterine adversity. Collectively, our data suggest that prenatal exposure to dexamethasone in rats could be used as an animal model for studying some cognitive components of related psychiatric disorders.
Introduction
Early life environmental events, such as maternal stress, infection and/or immune activation and nutritional deficiencies can have programming effects on the developing fetus. These factors can alter the physiology and functioning of developing organs, thus increasing the vulnerability of the offspring to develop adulthood diseases (Barker, 1990 ). Large-scale epidemiological studies from diverse human populations suggest that an aversive prenatal environment is associated with an increased risk of developing psychiatric disorders later in life, including autism spectrum disorders (ASD), schizophrenia and attentional deficit/hyperactivity disorder (ADHD) (Kinney, 2000; Kinney et al., 2008; Linnet et al., 2003; Rodriguez & Bohlin, 2005) . The timing of the adverse exposure is thought to be critical in determining programming effects. Current evidence suggests that stressors in the middle of gestation or before birth are critical to the development of ASD (Beversdorf et al., 2005) ; exposures during the first (Susser & Lin, 1992; Van Os & Selten, 1998) or second trimester (Huttunen & Niskanen, 1978; Van Os & Selten, 1998) are linked to schizophrenia, while exposures only during the second trimester associate with the development of ADHD (Van den Bergh & Marcoen, 2004) .
A number of human and animal studies also provide robust evidence that prenatal stress can lead to persistent neuropsychological abnormalities in the offspring (Koehl et al., 2001; Talge et al., 2007) . In rodents, prenatal stress programs hypersensitivity to stress, including heightened hypothalamicpituitary-adrenal (HPA) axis activity (Vallee et al., 1997; Wilson et al., 2013) and increased fear and anxiety-like behavior (Takahashi et al., 1992; Vallee et al., 1997; Wakshlak & Weinstock, 1990; Welberg et al., 2001) . Prenatal stress also affects cognition as demonstrated by impaired spatial learning and memory (Brabham et al., 2000; Lemaire et al., 2000; Markham et al., 2010; Son et al., 2006; Yang et al., 2006) , working memory (Gue et al., 2004; Markham et al., 2010) and cued and contextual fear conditioning and extinction (Green et al., 2011; Markham et al., 2010; Wilson et al., 2013 ).
In our current study, we treated pregnant rats with dexamethasone, a synthetic glucocorticoid that crosses the placental glucocorticoid barrier, during the last week of gestation. Rodent brain development at this time resembles that in the second trimester of human gestation (Clancy et al., 2007) , the time-point most strongly linked to adulthood psychiatric disorders. Previous studies in this model have shown that this manipulation programs behavioral inhibition in adult rat offspring , however, fewer studies have investigated any cognitive consequences. We aimed to investigate the impact of prenatal glucocorticoid overexposure on (i) adult stress reactivity by evaluating anxiety-like behavior, using the elevated plus maze and open field tests and (ii) cognition, using a spatial reference memory task with reversal learning, followed by a delayed matching to position (DMTP) task. These experiments enabled us to investigate the effects of prenatal glucocorticoid exposure on offspring stress reactivity and a range of cognitive phenotypes of relevance to neuropsychiatric disorders.
Materials and methods

Animals
Subjects were adult Wistar rats, bred from 30 adult pairs (Charles River, UK) at the University of Edinburgh. Animals had ad libitum access to food (standard rat chow, RM1, Special Services Diet, Lillico, Surrey, UK) and water. Rats were maintained under conditions of controlled temperature (between 19 and 21 C) and light/dark cycle (lights on 12 h per day from 07:00 to 19:00). All experiments were performed in accordance with the UK Animals Act (Scientific Procedures) 1986 and were conducted strictly according to local ethics guidelines to minimize animal suffering and the number of animals to be used.
Female rats were housed individually and timed mating was conducted. Following vaginal plugging (denoted as E1) pregnant dams were randomly assigned to dexamethasone (Dex) or vehicle (Con) treatment. From E15 to E21 inclusive, dams were given a daily subcutaneous injection of either dexamethasone (100 mg/kg body weight, dissolved in 4% ethanol, 0.9% saline) or an equivalent volume of vehicle (4% ethanol, 0.9% saline) (0.5 ml/kg).
At birth (postnatal day 1), the offspring (Dex or Con) were weighed, sexed and litters were culled back to eight per group, leaving five males and three females per litter where possible. Litters were then left undisturbed until weaning at 3 weeks of age, whereupon females were culled and male pups were housed in same groups and left undisturbed until adulthood. For each behavioral test, we used one or two rats per litter for each group, and in the case of using two rats from the same litter the effect of litter was accounted for in the statistical analysis.
Plasma corticosterone levels
Animals were assessed for baseline plasma corticosterone (CORT) levels in adulthood (aged 139.61 ± 1.33 days, n ¼ 9-14 per group). Blood samples were collected from the tail vein at two time points, 07.00 and 19.00 h. Rats were taken from their home cage and directly sampled with minimal stress. All blood samples were collected by capillary blood collection tube (Microvette Õ 300) and centrifuged for 5 min at 13,000 rpm at room temperature. The plasma was then transferred and stored at À80 C until analysis. Plasma CORT concentrations were analyzed using enzyme-linked immunosorbent assay (Al-Dujaili et al., 2009 ).
Elevated plus maze
Animals were aged 72.0 ± 3.95 days at test (n ¼ 10-11 per group). The elevated plus maze was a cross-shaped platform positioned 80 cm above the floor with two open arms and two closed arms (70 cm Â 12 cm Â 17 cm) on opposing sides of a central area (10 cm Â 10 cm). At the start of the test a rat was put in the central area facing one of the open arms and allowed to explore the maze freely for 5 min, during which its behavior was recorded by a video camera mounted above the maze. Following each session the apparatus was wiped clean with 70% ethanol to remove any olfactory cues. An experimenter blind to treatment groups handled the animals and analyzed the video recordings. The following parameters were considered: number of open arm entries, the amount of time spent on the open arms and total number of arm entries.
Open field
Animals were aged 70.75 ± 4.46 days at test (n ¼ 12 per group). The open field apparatus was a black square box (90 cm Â 90 cm Â 60 cm high). The field was divided into nine equal segments. At the start of the test, a rat was placed at the edge of the box, in the middle of one of the surrounding walls and allowed to explore the field freely for 5 min, during which its behavior was recorded by a video camera mounted above the maze. Starting position was counterbalanced between groups. The field was cleaned by 70% ethanol to remove any possible olfactory cues between each animal. An experimenter blind to treatment groups handled the animals and analyzed the video recordings. The parameters of interest were determined as: the total number of grid crossings, the amount of time spent in the central square and number of central square entries. One week after the open field test, the animals were tested on the DMTP task.
Morris water maze
Spatial learning and memory tests took place in an open-field water maze (Morris, 1984) . This was a water tank of 2 m in diameter and 0.5 m in depth, filled with water made opaque by mixing it with 300 ml of liquid latex (temperature 25 ± 1 C). An escape platform (12 cm in diameter) was submerged 1.5 cm below the water surface. The maze was surrounded by a collection of prominent two-and threedimensional visual cues. The animal's behavior was monitored using a video tracking system via a camera fixed above the centre of the maze, and was analyzed using water maze software (Tracker-P. Spooner, Edinburgh, UK). For each trial, the latency to reach the platform, path length and swimming speed were measured. Four points of equal spacing along the circumference of the pool were signified as starting points: North (N), East (E), South (S) and West (W). Likewise, the swimming pool was conceptually divided into four quadrants accordingly, NE, SE, SW and NW.
Spatial reference memory with reversal learning
Animals were assessed for spatial reference memory and reversal-learning task at age 100.38 ± 6.39 days at the start of testing (n ¼ 12 per group). This experiment consisted of 5 days of initial training and 5 days of reversal learning. For each rat, the platform location remained constant (either NE or SW quadrant, 60 cm from the wall, counterbalanced between groups) throughout the first 5 days of training, and was moved to the opposite quadrant (this time SW or NE) for the following 5 days of reversal learning. On each day, rats were given five trials in a row, with an inter-trial interval (ITI) of approximately 15 s. At the start of each trial the rat was carefully lowered into the water, facing one of the four starting points. Starting position was counterbalanced between groups. The sequence of the starting positions was randomized, with at least one start at N, E, S and W on each day, avoiding repeats for two consecutive trials. The first trial of each day was run as a probe trial. Probe trials used the ''Atlantis'' platform (Spooner et al., 1994) , which was pushed down at first to render it unavailable and set to rise at 60 s by using a computercontrolled electromagnet, and the animal was given a further 30 s to find it. The percentage of time spent near the initial training platform location (radius 20.0 cm) during the first 60 s was analyzed. The following trials on each day (trials 2-5) were standard trials, in which rats were allowed 120 s to find the platform, before being ushered toward it. Once the animal reached the platform, it was allowed to remain on the platform for 30 s before being taken off and moved on to the next trial.
Delayed matching to position
Animals were assessed for DMTP task at age 90.92 ± 12.11 days at the start of testing (n ¼ 12 per group). The DMTP task comprised 7 days of initial training followed by three blocks of delay tests, each of these blocks continued for 5 days. The platform location was different on each day, but remained the same for all the trials of that day. The daily platform location was randomly selected from one of the 28 possible locations situated in an inner (1 m in diameter) and outer (1.5 m in diameter) ring of the swimming pool. Each rat received four trials on a given day, the starting position for each trial was considered in relevance to the location of the platform, designated as far right (FR), far left (FL), near right (NR), near left (NL), and randomized for the four trials of that day. The sequences of the daily platform locations and relative starting position were carefully designed to counterbalance between and within groups to avoid any clear recognizable pattern.
DMTP -training phase
During the training phase all rats were given four consecutive trials per day for 7 days. The platform was placed according to the pre-designed location, and submerged 1.5 cm below the water surface before the trials began. On each trial the rat was allowed 120 s to find the platform, before being guided toward it. Once the rat climbed on the platform, it had 30 s to remain on the platform. An experimenter would then remove the rat and allow a 15 s ITI before the next trial.
DMTP -delay phase
During the delay phase, the training protocol was the same as before, except that a delay time of 15 s, 20 min or 2 h was introduced between the first and the second trial, during which time animals were dried and returned to their home cage. Each animal experienced all three delays, in a counterbalanced fashion. Rats were initially assigned to one of the three delays, and remained on that delay for 5 days. After 2 days' break, rats moved onto another delay, then another 2 days' break followed by 5 days of the final delay. Probe tests used the same ''Atlantis'' platform as detailed above, and were carried out on the second trial on the last day of each block. The percentage of time spent near the most recently trained platform location (radius 20.0 cm) during the first 60 s of the probe trial was analyzed, to allow for assessment of working memory.
Data analysis
Data were analyzed using generalized linear models (JMP statistical software, SAS Institute, Cary, NC), followed by Tukey's honest significant difference post hoc test, where appropriate. All data were checked for homogeneity of variance and normality of distribution. All statistical models investigated the main effects of treatment. Animal identity (nested within litter and group) and litter (nested within group) were fitted as random variables to account for repeated measurements and the use of more than one animal per litter.
For the spatial reference memory and reversal-learning task, models were used to investigate the effects of Group, Trial, Day and all two-, three-way interactions of these terms on latency to platform, path length and average swimming speed for all the standard trials (trials 2-5). For probe trials (trial 1) only, models were used to investigate the effects of Group, Day and two-way interactions of these terms on percentage of time near the initial training platform.
For the DMTP task, data were analyzed separately. For the training phase, models were used to investigate the effect of Group, Trial, Day and all two-, three-way interactions of these terms on latency to platform, path length and average swimming speed for all the trials from the training phase. For the delay phase, models were employed to investigate the effect of Group, Delay, Trial and all two-, three-way interactions of these terms on latency to platform, path length and average swimming speed for all the trials from the first 4 days of each block (excluding the last day of each block). For probe trials (the second trial on the last day of each block), models were used to investigate the effect of Group, Delay and two-way interactions of these terms on percentage of time near the most recently trained platform locations, divided by the total amount of time spent near the other seven related platform locations, sitting at the vertices of an octagon. Data are presented as mean value per group ± SEM.
Results
Birth weight
Prenatal dexamethasone treatment significantly reduced birth weight (F 1,28.45 ¼ 12.85, p ¼ 0.0012). Female pups were significantly smaller than their male counterparts at birth (F 1,415.3 ¼ 39.00, p50.0001). There was no interaction between Group and Sex.
Plasma CORT levels Figure 1 shows that the typical diurnal pattern of plasma CORT concentrations was seen in both experimental groups. No significant differences were found between the two experimental groups in either the morning (F 1,5.55 ¼ 0.12, p ¼ 0.738), or evening CORT levels (F 1,8.34 ¼ 0.47, p ¼ 0.512). 
Elevated plus maze
Spatial reference memory with reversal learning
Latency to platform Figure 4 demonstrates performance on the spatial reference memory and reversal-learning task. There was a significant effect of Day on latency to find the platform (F 9,917 ¼ 62.27, p50.0001). No significant effect of Group was found (F 1,3.68 ¼ 1.60, p ¼ 0.281), however, there was a significant interaction between Group and Day (F 9,917 ¼ 2.40, p ¼ 0.011). Post hoc analysis showed that Dex animals were significantly slower than controls in finding the platform on the first day of initial training (p50.05). Both groups improved their performance on the following days and by day 4 all had reached a stable level of behavioral performance. In addition, on the first day of the reversal phase, there was a trend toward a difference between groups such that control animals took a longer time to find the new platform location, although this did not reach statistical significance ( Figure 4A ). Plasma CORT (nmol/L) CON DEX Figure 1 . Effects of prenatal exposure to dexamethasone on adult offspring plasma corticosterone (CORT) levels. There were no significant differences between the two experimental groups in CORT levels measured at 7 am and 7 pm. Data are presented as mean ± SEM. n ¼ 9-14 per group.
Performance on probe trials
There was a significant effect of Day (F 9,189 ¼ 11. 
Locomotor activity
There were no significant differences between the groups in average swimming speed during the whole experiment period (F 1,4.50 ¼ 0.71, F ¼ 0.443). 
Delayed matching to position
DMTP -latency to platform in training phase
DMTP -latency to platform in delay phase
There was no significant effect of Delay (F 2,1034 ¼ 0.36, p ¼ 0.70), or any interaction between Group and Delay (F 2,1034 ¼ 1.95, p ¼ 0.142). However, similar to the findings from the training phase, there was a significant effect of Group, with Dex animals taking significantly less time to find the platform than controls (F 1,9.592 ¼ 5.58, p ¼ 0.041) ( Figure 5B ).
DMTP -performance on probe trials
Probe trial data were analyzed as the probability of swimming near the training platform compared to the other seven related locations, sitting at the vertices of an octagon. There was no significant effect of Group (F 1 The average probability of swimming around the training platform location was 0.245 ± 0.140 for all animals, above the chance level, which was 0.125 for our analysis ( Figure 5C ).
DMTP -locomotor activity
There were no significant differences between the groups in average swimming speed (F 1,8.01 ¼ 0.68, F ¼ 0.432) during the whole experiment period.
Discussion
In the present study, we found that prenatal exposure to dexamethasone during the last week of gestation in rats decreased birth weight. However, there was no treatment effect on stress reactivity in a range of physiological and behavioral measures. Nevertheless, prenatally dexamethasone-exposed rats demonstrated altered cognition in water maze tests. This was represented by: (1) a transient deficit on the first day of the spatial reference memory task and (2) significantly faster locating of new platform positions in the DMTP task in the dexamethasone group. Collectively, these data suggest that prenatal dexamethasone-exposure affected cognition in the adult offspring, producing a phenotype characterized by responsive flexibility and adaptability to changing situations.
Our data confirmed that dexamethasone treatment during the last week of gestation in rats reduced birth weight in offspring, in line with previous findings . Recent evidence suggests that low birth weight is predictive of neuropsychiatric diseases in adult life, including autism (Pinto-Martin et al., 2011), schizophrenia (Abel et al., 2010) and ADHD (Breslau et al., 1996) . Thus, this animal model may provide a laboratory tool to study the mechanisms underlie this link. There was no effect of prenatal glucocorticoid exposure on baseline CORT levels in our study, consistent with some previous results (Wilson et al., 2013) . However, this does not exclude an effect on HPA axis activity, since one of the best-characterized deficits in HPA axis regulation induced by prenatal stress is the negative feedback control of stress-induced hormone responses (Vallee et al., 1997; Wilson et al., 2013) . Additional assessment of HPA axis responses to stress, measurement of circulating ACTH and the temporal patterns of activation and termination of HPA hormone secretion after repeated exposure to stress (Fride et al., 1986) would provide further insight into longterm effects in this model.
We further investigated between-group differences in behavioral reactivity to stress using the elevated plus-maze and open field, which revealed no effect of prenatal dexamethasone exposure on adult anxiety-like behavior. Although similar negative findings have been reported by others (Wilson et al., 2013) , our results contrast with a previous study using the same animal model . The reasons for this are unclear but may include differences in experimental conditions, such as the use of different experimental apparatus and the setting (these experiments were performed in a different animal facility). To clarify the discrepancy, we sought to replicate our results with two other cohorts of rats in the same and different animal facilities. Despite variations in rearing environment and experimental settings, our results from the three cohorts were consistent. Importantly, our results from the two water maze spatial learning and memory tests demonstrated altered cognition in prenatally dexamethasone-exposed rats. The spatial reference memory task has been validated as a robust measure of hippocampus-dependent spatial navigation and reference memory (D'Hooge & De Deyn, 2001 ). The reversal-learning phase requires the animal to withhold a formerly learned response and shift to a new stimulus-reward contingency, and the neural substrate underlying the reversal has been ascribed to the prefrontal cortex (Lacroix et al., 2002) . From the spatial reference memory and reversal-learning task, we found that prenatal dexamethasone exposure induced a transient impairment in spatial short-term memory seen on the first day of initial training. However, prenatally exposed rats were able to improve their performance and caught up with controls on the second day, indicating that their spatial reference memory was not impaired. This was further supported by performance on probe trials, in which all animals showed similar preferences to swim in the vicinity of the training platform. Taken together, our experiment suggests that prenatal dexamethasone treatment had no sustained effect on hippocampusrelated spatial reference memory, but induced a transient deficit in processing short-term spatial memory in the adult offspring. In addition, when presented with a spatial reversal, there was a trend toward a group difference, with Dex animals locating the new platform position faster than controls. These novel results are potentially consistent with a deficit in prefrontal cortex function (Debruin et al., 1994) .
These results led us to conduct a second experiment, which investigated in more detail the effects of repeated learning of novel spatial information. To do this we performed a DMTP task, which draws on many of the cognitive functions ascribed to prefrontal cortex, including working memory and behavioral flexibility that represent key functions of the prefrontal cortex (Kesner, 2000) . The ''delay'' part of the DMTP task allows assessment of working memory, including short-term retention of visuo-spatial information and the executive functions of coordinating and manipulating this information to plan for subsequent responses (Baddeley, 1992) . The ''matching'' component of the DMTP task requires frequent shifts in response to daily changes in stimulus-related spatial information, allowing for the assessment of behavioral flexibility. An efficient performance on the DMTP task depends critically on the integrity of reciprocal interactions between the hippocampus and prefrontal cortex (Floresco et al., 1997) . Our data from the DMTP task revealed a significant between-group difference, with Dex animals taking significantly less time than controls to find the platform, potentially consistent with greater cognitive flexibility, or a lesser adherence to a pre-existing cognitive set. The fact that prenatally stressed animals demonstrated enhanced performance on the DMTP task (which has daily changes of platform positions) suggests that they were faster in responding to tasks that require frequent shifting of responses to changes in stimulus-reward contingencies. The reversal-learning task required only one shift at the reversal stage, whereas in the DMTP task the rule was changing every day, and therefore demanded much more flexibility in shifting their responses from one to another. Thus, the results from our current study reflect different abilities in responding to changes in environmental circumstances between the two groups. One potential explanation of these findings was that Dex-exposed animals showed less perseveration to the previous platform position. However, within the current dataset we were not able to find direct evidence for difference in perseveration, and additional experiment would be required to investigate this issue further.
Thus, our present study suggests that prenatal dexamethasone exposure affects cognition in adult offspring, characterized by a phenotype of cognitive flexibility and adaptability to frequent changes in environmental circumstances. Similar features can be seen in patients afflicted by psychiatric disorders such as ADHD (Barkley, 1997) , one risk factor for which is prenatal stress (Rodriguez & Bohlin, 2005; Van den Bergh & Marcoen, 2004) . Such a cognitive outcome induced by prenatal glucocorticoid exposure could be viewed as adaptive, in that individuals who experience an aversive intrauterine environment are programmed to ''expect'' an unfavorable postnatal environment; this adaptive advantage would become evident if the later environment turned out to be as challenging as predicted. This is consistent with the recent ''match-mismatch'' hypothesis advanced by Schmidt and others, which suggest that early life programming effects are not necessarily deleterious. Thus, the costs and benefits of a programmed trait need to be interpreted in the context of the individual and the current environment (Nederhof & Schmidt, 2012) . There is some evidence that prenatal stress alters maternal care, which might influence and further contribute to the alterations in the offspring (Francis et al., 1999; Kuo et al., 2014) . Although in this experiment we were unable to dissect any contribution of prenatal and postnatal maternal effects on the programmed phenotypes in offspring, previous studies including in this model suggest that the programming effects induced by prenatal treatment are independent of maternal postnatal behavior (Holloway et al., 2013; Nyirenda et al., 2001 ).
In conclusion, the results from our current study suggest that prenatal exposure to glucocorticoids had no observable programming effects on stress reactivity in adult offspring, but resulted in long-lasting alterations in cognition. Prenatally dexamethasone-exposed rats showed a transient deficit in spatial short-term memory, but their spatial reference memory Figure 5 . Performance on a delayed matching to position task (DMTP) in the Morris water maze. There was a significant effect of group in both the training phase (A), and delay phase (B), so that rats exposed to prenatal dexamethasone had shorter latencies to reach the platform. Data are averaged over delays and days during the delay phase. All animals showed equivalent performance on probe trials after any of a 15 s, 20 min, or 2 h delay (C). Data are presented as mean ± SEM. n ¼ 12 per group. *p50.05 versus control. Trial and working memory were not affected. In addition, dexamethasone-programmed rats showed faster responses during the reversal learning and the DMTP task, indicating cognitive flexibility and responsive adaptability. These novel results suggest that prenatal glucocorticoid exposure has programming effects on prefrontal cortex-related behavioral flexibility and executive functions. The phenomenological similarities between this animal model and clinical features of some neuropsychiatric disorders support the validity of using this animal model for studying risk for these conditions.
